Nitrosative stress with subsequent inflammatory cell death has been associated with many neurodegenerative disorders. Expression of inducible nitric-oxide synthase and production of nitric oxide (NO) have been frequently elevated in many inflammatory disorders. NO can rapidly react with superoxide anion, producing more reactive peroxynitrite. In the present study, exposure of rat pheochromocytoma (PC12) cells to the peroxynitrite donor 3-morpholinosydnonimine hydrochloride (SIN-1) induced apoptosis, which accompanied depletion of intracellular glutathione (GSH), c-Jun Nterminal kinase activation, mitochondrial membrane depolarization, the cleavage of poly(ADP-ribose)polymerase, and DNA fragmentation. During SIN-1-induced apoptotic cell death, expression of inducible cyclooxygenase (COX-2), and peroxisome proliferator-activated receptor-␥ (PPAR␥) was elevated. SIN-1 treatment resulted in elevated production of 15-deoxy-⌬ 12,14 -prostaglandin J 2 (15d-PGJ 2 ), an endogenous PPAR␥ activator. Preincubation with 15d-PGJ 2 rendered PC12 cells resistant to nitrosative stress induced by SIN-1. 15d-PGJ 2 fortified an intracellular GSH pool through up-regulation of glutamylcysteine ligase, thereby preventing cells from SIN-1-induced GSH depletion. The above findings suggest that 15d-PGJ 2 may act as a survival mediator capable of augmenting cellular thiol antioxidant capacity through up-regulation of the intracellular GSH synthesis in response to the nitrosative insult.
synthase (iNOS), are notably up-regulated (3, 4) . Excessive nitric oxide (NO) production is considered as one of the main causes of neuronal cell death (5) . Many studies suggest that the cytotoxic effect of NO is mediated via peroxynitrite formed by the reaction between NO and superoxide anion (O 2 Ϫ ) (6, 7) . The level of 3-nitrotyrosine, a relatively specific marker of nitrosative damage caused by peroxynitrite, has been reported to increase in Alzheimer's disease as well as other neurodegenerative disorders (8) .
Up-regulation of COX has also been frequently observed in patients with neurological symptoms (9) . COX is a rate-limiting enzyme responsible for the synthesis of a series of prostaglandins (PGs) and thromboxanes that have multiple physiological functions. Two isoforms of COX have been described: COX-1 and COX-2. COX-1 is ubiquitously expressed in most tissues and produces prostanoids that are involved in maintaining homeostatic functions. COX-2 is induced under proinflammatory conditions and can mediate deleterious effects in the neurodegenerative disorders (9, 10) . However, the role of COX-2 in neuronal cell death is conflicting. As prolonged intake of nonsteroidal anti-inflammatory drugs (NSAIDs) with COX-2 inhibitory effects has been reported to reduce the risk of Alzheimer's disease and delay its onset (2, 11) , a number of studies have focused on the neuroprotective effects of NSAIDs. Recently, it has been recognized that the neuroprotective effects of NSAIDs are mediated via peroxisome proliferator-activated receptor-␥ (PPAR␥) activation, independently of COX-2 inhibition (12) .
Cyclopentenone PGs have various biological effects, such as growth inhibition, induction of apoptosis, differentiation, antioxidant, and anti-inflammation etc. depending on its concentrations and the cell type (13, 14) . Among them, PGJ 2 is synthesized by non-enzymatic dehydration within the cyclopentane ring of PGD 2 , one of the major products of COX-2. PGJ 2 is metabolized further to yield ⌬
12
-PGJ 2 and 15-deoxy-⌬ 12, 14 -PGJ 2 (15d-PGJ 2 ). Members of the J 2 series PGs are characterized by the presence of a reactive ␣,␤-unsaturated carbonyl functional group in the cyclopentenone ring that can bind covalently by means of the Michael addition reaction with nucleophiles such as the free sulfhydryls of GSH and cysteine residues in cellular proteins (15, 16) . Interestingly, 15d-PGJ 2 has been reported to exert dual effects on cell survival and apoptosis (14, 17, 18) . Thus, 15d-PGJ 2 at relatively high concentrations causes cell death, whereas at submicromolar concentrations this cyclopentenone PG elicits cytoprotective effects. However, molecular mechanisms underlying cytoprotective effects of 15d-PGJ 2 are poorly understood. In this study we hypothesize that 15d-PGJ 2 rescues PC12 cells from the nitrosative stress induced by peroxynitrite through up-regulation of intracellular GSH biosynthesis. Cell Culture and Viability Measurement-PC12 cells were maintained routinely in DMEM supplemented with heat-inactivated 10% horse serum and 5% fetal bovine serum at 37°C in a humidified atmosphere of 10% CO 2 , and 90% air. All cells were cultured in poly-D-lysinecoated culture dishes. Cells were cultured for 1 day before treatment, and switched to serum-free N-2-defined medium. Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously (19) .
EXPERIMENTAL PROCEDURES

Materials
Measurement of Peroxynitrite-Generation of peroxynitrite from SIN-1 was determined spectrophotometrically using DHR 123. The peroxynitrite-dependent oxidation of DHR 123 to rhodamine 123 was measured according to the previously reported method (20) . At pH 7.4 and 37°C, peroxynitrite production from SIN-1 decomposition reaches a steady state after ϳ3 min and remains essentially linear for up to 60 min. One hour after SIN-1 addition, the medium was collected and mixed with phosphate-buffered saline containing 20 M DHR 123. After 10 min of incubation at 22°C, the fluorescence intensity of DHR 123 was measured using a microplate reader (TECAN GmbH, Salzburg, Austria) at an excitation wavelength of 500 nm and an emission at 536 nm (⑀ 500 nm ϭ 78,800 M Ϫ1 cm Ϫ1 ). Peroxynitrite concentrations were calculated from the DHR 123 fluorescence intensity (21) . Synthetic peroxynitrite oxidizes DHR 123 to rhodamine 123 with 44% efficiency (20) . Thus, formation of rhodamine 123 from DHR 123 after reaction with SIN-1 was corrected to total peroxynitrite production by dividing the value by 0.44.
Western Blot Analysis-Western blot analysis was performed with anti-poly-(ADP-ribose)polymerase (PARP), anti-phospho-c-Jun N-terminal kinase (JNK), anti-JNK, and anti-PPAR␥ polyclonal antibodies (1:500 dilution, all products of Santa Cruz Biotechnology) as described previously (19) . An anti-COX-2 polyclonal antibody (1:1000, Transduction Laboratories, Lexington, KY) was used for detection of COX-2.
PGE 2 Enzyme Immunoassay-PC12 cells were plated at a density of 2 ϫ 10 5 cells/4 ml in 60-mm plates and incubated for the desired times after 3 mM SIN-1 treatment. PGE 2 released into incubation medium was measured by using an enzyme immunoassay kit (Amersham Biosciences). 50 l of culture medium was used for an assay. PGE 2 concentration was determined spectrophotometrically according to the instructions provided from the supplier.
15d-PGJ 2 Enzyme Immunoassay-PC12 cells were plated at a density of 5 ϫ 10 6 cells/7 ml in 100-mm plates, and the 15d-PGJ 2 production was determined by using an enzyme immunoassay kit according to the instructions provided from the supplier (Assay Designs, Inc., Ann Arbor, MI). In brief, the culture media and cell lysates were transferred to a goat anti-rabbit IgG microtiter plate and incubated with anti-15d-PGJ 2 polyclonal antibody and alkaline phosphatase conjugated with 15d-PGJ 2 at room temperature for 2 h. The plate was rinsed three times with washing solution and further incubated with 200 l of p-nitrophenyl phosphate substrate at 37°C for 3 h. The reaction was terminated by addition of 50 l of stop solution. The changes in absorbance at 405 nm were measured using a spectrophotometric microplate reader.
Terminal Deoxynucleotidyl Transferase-mediated dUTP Nick Endlabeling (TUNEL)-The commercially available in situ Cell Death Detection kit was used to assess the internucleosomal DNA fragmentation. PC12 cells (5 ϫ 10 5 cells/3 ml in chamber slide) were fixed for 30 min in 10% neutral buffered formalin solution at room temperature. Endogenous peroxidase was inactivated by incubation with 0.3% hydrogen peroxide in methanol for 30 min at room temperature and further incubated in a permeabilizing solution (0.1% sodium citrate and 0.1% Triton X-100) for 2 min at 4°C. The cells were incubated with the TUNEL reaction mixture for 60 min at 37°C followed by labeling with peroxidase-conjugated anti-goat antibody (Fab fragment) for additional 30 min. After staining with diaminobenzidine for 10 min, cells were rinsed with phosphate-buffered saline and mounted with 50% glycerol.
Measurement of Mitochondrial Transmembrane Potential (⌬ m )-The fluorescent probe TMRE was used to measure the mitochondrial transmembrane potential (⌬ m ). This dye binds in a manner dependent on the mitochondrial electric potential. PC12 cells were plated at a density of 4 ϫ 10 5 cells/2.4 ml in chamber slides. The cells were pretreated with 2 M 15d-PGJ 2 for 24 h, and SIN-1 was then added to the medium at the final concentration of 3 mM. After 5 h of incubation with SIN-1, PC12 cells were washed with DMEM and incubated with TMRE (150 nM) in DMEM for additional 30 min at 37°C, then washed twice with DMEM, and examined under a confocal microscope (Leica Microsystems Heidelberg GmbH, Heidelberg, Germany). TMRE rapidly equilibrates between cellular compartments due to potential differences. A decrease in TMRE fluorescence is indicative of a reduction in ⌬ m . The fluorescence was monitored as red fluorescence (excitation: 555 nm, emission: Ͼ590 nm) at hyperpolarized membrane potentials. For the quantification of the fluorescence intensity, four fields containing about 400 cells were analyzed, and the fluorescence intensity of the red was determined as the indicator of ⌬ m .
GSH Measurement-The GSH content was measured using a commercial kit according to the manufacturer's protocol (GSH-400 method, OXIS International, Portland, OR) using 4-chloro-1-methyl-7-trifluoromethyl-quinolinum methylsulfate. Cells were harvested and homogenized in metaphosphoric working solution. After centrifugation, 50 l of R1 solution (solution of chromogenic reagent in HCl) was added to the 700 l of supernatant, followed by gentle vortex mixing. Following the addition of 50 l of R2 solution (30% NaOH), the mixtures were incubated at 25 Ϯ 3°C for 10 min. After centrifugation, the absorbance of the clear supernatant was read at 400 nm. The protein concentration was determined using the BCA protein assay kit.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)-Total RNA was isolated from PC12 cells using TRIzol® (Invitrogen Life Technologies, Inc.) following the manufacturer's instructions. RT-PCR was performed according to standard techniques. PCR conditions for glutamylcysteine ligase catalytic (GCLC), glutamylcysteine ligase modulatory (GCLM), and the housekeeping, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes were as follows: for GCLC and GAPDH, 35 cycles of 94°C for 30 s; 55°C for 30 s; and 72°C for 45 s and for GCLM, 35 cycles of 95°C for 1 min; 60°C for 1 min; 68°C for 2 min; and 68°C for 7 min (22) . The sequence of each primer used is as follows (forward and reverse, respectively): GCLC subunit, 5Ј-GCC AAG GTC ATC CAT GAC AAC-3Ј and 5Ј-AGT GTA GCC CAG GAT GCC CTT-3Ј; GCLM subunit, 5Ј-AGA CCG GGA ACC TGC TCA AC-3Ј and 5Ј-CAT CAC CCT GAT GCC TAA GC-3Ј; GAPDH, 5Ј-AGT GTA GCC CAG GAT GCC CTT-3Ј and 5Ј-GCC AAG GTC ATC CAT GAC AAC-3Ј. Amplification products were resolved by 1.0% agarose gel electrophoresis, stained with ethidium bromide, and photographed under ultraviolet light. All primers were purchased from Bionics (Seoul, Korea).
GCL Reporter Gene Assay-The luciferase reporter construct pGL3 containing the rat GCLC promoter was prepared as reported previously (23) . Transient transfection was carried out by using DOTAP Liposomal Transfection Reagent (Roche Applied Science). Transfection was performed at 1-3ϫ10 5 cells per well in 6-well plates. Twelve hours later, the transfection medium was removed and replaced with N-2 medium containing Me 2 SO or 2 M 15d-PGJ 2 and incubated for additional 24 h. Cell extracts were assayed for luciferase and ␤-galactosidase activities. Luciferase activity was normalized to ␤-galactosidase activity. The result was expressed as means Ϯ S.D. of three independent experiments.
Measurement of GCL Activity-GCL activity was determined as described by Seelig and Meister (24) with slight modifications. The assay measures the rate of oxidation of NADH (assumed to be equal to the rate of formation of ADP) from the change in absorbance at 340 nm in reaction mixtures containing the following: 0.1 M Tris-HCl (pH 8.0), 150 mM KCl, 5 mM Na 2 ATP, 2 mM phosphoenolpyruvate, 10 mM L-glutamate, 10 mM L-␣-aminobutyrate, 20 mM MgCl 2 , 2 mM Na 2 EDTA, 0.2 mM NADH, 17 g/ml of pyruvate kinase, and 17 g/ml of lactate dehydrogenase. Cells were harvested and lysed in 0.1 M Tris-HCl (pH 8.0) containing 0.1% Triton X-100, and the supernatant was used for the assay. The protein concentration was determined using the BCA protein assay kit. The enzyme activity was expressed in international units per mg of protein and calculated by using the molar extinction coefficient, 6.22 for NADH.
RESULTS
SIN-1 Caused Apoptotic Death in PC12
Cells-To assess the nitrosative stress-induced cytotoxicity, PC12 cells were treated for 24 h with varying concentrations of the peroxynitrite donor SIN-1. Peroxynitrite released from SIN-1 was quantified by measuring the fluorescence intensity derived from DHR 123 oxidized by peroxynitrite (Fig. 1A) . In parallel with increased peroxynitrite release, SIN-1 treatment decreased the cell viability as determined by the MTT reduction assay (Fig. 1A) . Cells treated with 3 mM SIN-1 exhibited gradual cleavage of PARP, one of the common biochemical features of apoptosis (Fig. 1B) . The SIN-1-induced cytotoxicity was abolished by cotreatment with the membrane permeable peroxynitrite scavenger MnTBAP (Fig. 1C) . Activation of the JNK-signaling cascades has been frequently implicated in neuronal cell death induced by a wide variety of toxicants (25) . JNK activation via phosphorylation during the SIN-1-induced PC12 cell death coincided with the PARP cleavage (Fig. 1D) . Both events were blocked by the peroxynitrite scavenger MnTBAP, in a concentration-dependent manner (Fig. 1D) .
SIN-1 Treatment Induced Activation of COX-2 and PPAR␥-
To investigate the probable involvement of inflammatory pathways in nitrosative PC12 cell death induced by SIN-1, COX-2 expression was measured by Western blot analysis. Fig. 2A illustrates a time-related up-regulation of COX-2 in cells exposed to peroxynitrite. The release of PGE 2 , one of the major COX-2 products, was also substantially elevated by SIN-1 treatment (Fig. 2A) . To clarify the role of COX-2 during the nitrosative cell death, two selective COX-2 inhibitors, SC-58635, and NS-398, were coincubated with 2 mM SIN-1 for 24 h. As shown in Fig. 2B , both of these COX-2 selective inhibitors aggravated SIN-1-induced cytotoxicity.
PPAR␥ is implicated in anti-inflammatory and proapoptotic properties of several NSAIDs. PPAR␥ expression was increased in cells treated with a proapoptotic concentration of SIN-1 (Fig.  2C) . To determine the role of PPAR␥ during the nitrosative PC12 cell death, a PPAR␥ antagonist GW9662 was added to the media together with SIN-1. As illustrated in Fig. 2D , GW9662 aggravated SIN-1-induced cytotoxicity. Since pharmacologic inhibition of both COX-2 and PPAR␥ further enhanced the SIN-1-induced cell death, it is likely that the product of COX-2 capable of acting as a PPAR␥ ligand exerts cytoprotective effects. Based on the fact that 15d-PGJ 2 produced in the arachidonic cascade mediated by COX-2 is an endogenous activator of PPAR␥, the possible involvement of this cyclopentenone PG in the cellular defense mechanism against SIN-1-induced cell death was explored.
15d-PGJ 2 was hence proposed as a probable common denominator in the COX-2-and PPAR␥-mediated processes that confer cell survival or adaptation in response to the nitrosative insult. The levels of 15d-PGJ 2 was elevated in both culture media and cell lysates after SIN-1 stimulation (Fig. 3, A and B) . To clarify the role of elevated 15d-PGJ 2 during the SIN-1-induced nitrosative cell death, two selective COX-2 inhibitors (SC-58635 and NS-398) were coincubated with SIN-1. As illustrated in Fig. 3, A and B , both of SC-58635 and NS-398 significantly reduced SIN-1-induced 15d-PGJ 2 production, at the concentration that aggravated nitrosative cell death.
Though relatively high concentrations (Ͼ10 M) of 15d-PGJ 2 alone elicited a proapoptotic response in PC12 cells (data not shown), 24 h treatment with nontoxic concentrations (0.5 or 2 M) of this cyclopentenone PG prior to SIN-1 exposure markedly restored the viability (Fig. 3C) . Co-treatment of 15d-PGJ 2 failed to protect PC12 cells against the SIN-1-induced cytotox- 
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icity (data not shown), suggesting that 15d-PGJ 2 itself is not a direct peroxynitrite scavenger.
The protective effect of 15d-PGJ 2 against SIN-1-induced apoptosis was further confirmed by analyzing several hallmarks of apoptosis. As illustrated in Fig. 3D , a nontoxic concentration (i.e. 2 M) of 15d-PGJ 2 ameliorated SIN-1-induced internucleosomal DNA fragmentation as revealed by TUNEL staining. Mitochondrial depolarization occurs in the cells undergoing apoptosis. TMRE is detected as red fluorescence in the intact mitochondrial membrane. In contrast, in cells treated with a proapoptotic concentration (i.e. 3 mM) of SIN-1 alone for 5 h, the red staining disappeared, indicating the perturbation of the mitochondrial transmembrane potential (Fig. 3E) . 15d-PGJ 2 pretreatment restored the mitochondrial membrane potential (⌬ m ). Changes in ⌬ m values were quantified by measuring the average values of the red fluorescence intensity of four fields, each containing about 400 cells (Fig. 3E) . It has been known that peroxynitrite may directly induce mitochondrial dysfunction through nitration of mitochondrial proteins, such as complex I, II, V respiratory system (26 -28) . Preservation of ⌬ m by 15d-PGJ 2 implies that this cyclopentenone PG may increase the intracellular antioxidant capacity, which can efficiently quench peroxynitrite.
15d-PGJ 2 Rescued PC12 Cells from Nitrosative Stress through Augmentation of Cellular GSH-To elucidate the plausible mechanism by which 15d-PGJ 2 protected against apoptosis induced by SIN-1, the levels of peroxynitrite were initially compared in the cells with and without 15d-PGJ 2 pretreatment (Fig. 4A) . As illustrated in Fig. 4A , the accumulation of peroxynitrite in SIN-1-treated cells was significantly reduced by 2 M 15d-PGJ 2 . The free thiol group of GSH, the most abundant cellular antioxidant, is a target for peroxynitrite-mediated oxidation. In support of this notion, intracellular GSH was substantially depleted at 6 h after SIN-1 treatment (Fig. 4B) . Preincubation of PC12 cells with 2 M 15d-PGJ 2 for 24 h restored the GSH to the control level (SIN-1 alone, 64.8 Ϯ 5.55% of the control GSH level versus SIN-1 plus 15d-PGJ 2 , 102.1 Ϯ 6.51% of control, p Ͻ 0.05). The GSH depletion coincided with the cytotoxicity. Moreover, the constitutive intracellular GSH concentration increased ϳ140% following 15d-PGJ 2 pretreatment (Fig. 4B) . In another experiment, co-treatment of a physiological concentration (1 mM) of GSH significantly protected against SIN-1-induced cytotoxicity (SIN-1 alone, 11.8 Ϯ 1.2% versus SIN-1 plus GSH, 55.5 Ϯ 11.4% of control viability, p Ͻ 0.01) (Fig. 4C) .
In order to link the GSH increase by 15d-PGJ 2 to its cytoprotective effect, we have treated PC12 cells with 15d-PGJ 2 and BSO for 24 h. BSO inhibits the activity of GCL, the ratedetermining enzyme in the de novo synthesis of GSH, thereby limiting the intracellular GSH. Again, 15d-PGJ 2 protected PC12 cells from the SIN-1-induced cytotoxicity (SIN-1 alone, 10.3 Ϯ 1.6% of versus SIN-1 ϩ 15d-PGJ 2 , 84.7 Ϯ 2.7% of the control viability, p Ͻ 0.01), which was significantly blocked by 1 mM BSO (SIN-1 ϩ 15d-PGJ 2 ϩ BSO, 11.0 Ϯ 1.4% of the control viability, p Ͻ 0.01) as illustrated in Fig. 4D . These findings suggest that 15d-PGJ 2 could enhance the cellular GSH level, thereby eliminating reactive peroxynitrite and exerting the cytoprotective effect.
15d-PGJ 2 Enhanced GCL mRNA Transcription and the Promotor Activity-To elucidate the cellular mechanism responsi- ble for increased GSH biosynthesis by 15d-PGJ 2 , its effect on the transcription of GCL was determined. The GCL holoenzyme consists of catalytic (GCLC, 73 kDa) and modulatory (GCLM, 30 kDa) subunits, which are encoded by distinct genes. Treatment with 2 M 15d-PGJ 2 increased the transcription of both GCLC and GCLM mRNA (Fig. 5A) . The GCLC promoter activity was highly elevated by 15d-PGJ 2 treatment as revealed by the luciferase reporter gene assay (Fig. 5B) . Furthermore, PC12 cells treated with the same concentration of 15d-PGJ 2 exhibited the significantly increased catalytic activity at 13 h compared with vehicle-treated control groups (2 M 15d-PGJ 2 alone, 1.77 Ϯ 0.03 international unit/mg protein versus Me 2 SO, 0.99 Ϯ 0.31 international unit/mg protein, p Ͻ 0.05).
DISCUSSION
Recently, nitrosative stress induced by reactive nitrogen species (RNS) has been implicated in diverse inflammation-related neurological disorders (4, 5) . Although RNS can regulate physiological functions via the cyclic guanosine monophosphate-dependent mechanism, excessive RNS can destruct the cells. Therefore, regulation of RNS-mediated pro-inflammatory responses is important for cellular defense against nitrosative stress. Neuroinflammatory disorders are also characterized by up-regulation of COX-2 as well as iNOS, but the role of the former enzyme is yet to be clarified. The present study implies that peroxynitrite not only induces apoptosis in PC12 cells, but simultaneously provokes cellular adaptive response through induction of COX-2 and PPAR␥.
Induction of COX-2 expression during the RNS-mediated inflammation was observed in several experimental systems (29, 30) . However, regulation of COX-2 by RNS is conflicting in various cellular systems. Peroxynitrite has been reported to activate constitutive and inducible COX, by serving as a substrate for COX better than NO (29) . Since COX-2 is a wellknown pro-inflammatory enzyme, its induction was initially expected to provoke an excessive inflammatory response, contributing to SIN-1-induced cell death. Contrary to this initial expectation, we found that COX-2 could play a role in protecting against nitrosative PC12 cell death. COX-2 expression occurred transiently in cells treated with SIN-1, and COX-2 inhibition by SC-58635-or NS-398-sensitized PC12 cells to SIN-1-induced toxicity. Oxidative/nitrosative stress can activate the cellular antioxidant system, thereby making cells better adapt 
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themselves to subsequent insults (31) . In this context, COX-2 induction in response to nitrosative stress may contribute to the adaptive response of PC12 cells. We hypothesize that peroxynitrite treatment initially triggers the COX-2-mediated arachidonic acid cascade to produce a series of distinct PGs of which 15d-PGJ 2 is considered to prevent excessive inflammatory responses by inducing antioxidant protein expression (Fig.  6) . Indeed, SIN-1 treatment led to enhanced production of 15d-PGJ 2 in PC12 cells. Moreover, pretreatment with nontoxic concentrations of 15d-PGJ 2 not only reduced the peroxynitrite accumulation but also enhanced the viability in PC12 cells exposed to SIN-1, lending further support to the above hypothesis.
Although there have been numerous studies investigating the role of COX-2 in inflammatory cell death or tissue damage, the results are conflicting and discordant, depending on the experimental conditions employed. Thus, Colville-Nash and Gilroy (32) have suggested that the function of COX-2 may vary during the inflammatory process. While early peak of COX-2 expression is primarily responsible for the onset of inflammation and PGE 2 production, on which COX inhibitors exert an inhibitory effect, the much greater second peak in COX-2 reflects the resolution of the inflammation. Treatment with the COX-2 selective inhibitors during the resolving phase resulted in a prolongation of the inflammatory response and significant retardation of wound healing (33, 34) . Cyclopentenone PGs, such as 15d-PGJ 2 , is considered to contribute to the resolution of inflammation, as their levels have been elevated in the late phases of inflammation.
COX-2 function should be defined in concert with expression profiles of other proteins, since the intracellular microenvironment can determine the distinct profile of COX-2 products and their physiologic functions. Combined expression of cytosolic phospholipase A 2 and PGD synthase together with COX-2 can produce sufficient endogenous cyclopentenone PGs to counteract the proinflammatory damage (16) . Transfection of PGD synthase cDNA or up-regulation of the enzyme by lamina shear stress could protect against apoptotic cell death (35) . In addition, the increased activation of PPAR␥ signaling renders cells more responsive to 15d-PGJ 2 . Knethen and Brune (36) have suggested that activation of the PPAR␥ signaling induced by NO could switch monocyte/ macrophage functions from a pro-to an anti-inflammatory phenotype (36) . PPAR␥ plays a key role in preventing a self-perpetuating autodestructive loop by down-regulating p47 phagocyte oxidase, a component of the NAD(P)H oxidase system, causing inhibition of superoxide radical formation, while activation of COX-2 is a standard response to lipopolysaccharide/interferon-␥ (36). The role of COX-2 may vary depending on inflammatory conditions, which brings about expression of various proteins in the experimental system. Here, we found that the cytoprotective effect of 15d-PGJ 2 was attributable to up-regulation of intracellular antioxidant GSH synthesis. GSH up-regulation seems to be caused by the characteristic reaction of cyclopentenone PGs with the signaling proteins. The chemically reactive ␣,␤-unsaturated carbonyl group of the cyclopentenone PGs including 15d-PGJ 2 , as the Michael Reaction acceptor, might covalently modify cysteine residues on key cellular target proteins, resulting in loss or gain of their biological functions. For example, 15d-PGJ 2 directly inhibits NF-B-de- pendent gene expression through covalent modifications of critical thiol groups located in IB kinase and the DNA-binding domains of NF-B subunits (13, 16, 37) . Direct inhibition of NF-B signaling by 15d-PGJ 2 may contribute to negative regulation of inflammation. Recently, the mechanism by which cyclopentenone PGs induce phase II detoxification enzymes, such as glutathione S-transferase (GST), UDP-glucuronosyl transferases, NAD(P)H:quinone oxidoreductase (18, 38) , and stress proteins including heat shock proteins as well as GCL, have been actively investigated (39 -43) . The 5Ј-flanking regions of the genes encoding above enzymes harbor the so-called antioxidant responsive element (ARE). Many basic leucine zipper transcription factors including Nrf, Jun, Fos, Fra, and Maf bind to the ARE sequences, thereby inducing the expression of aforementioned antioxidant or detoxification enzymes. NF-E2-related factor-2 (Nrf2) is a representative transcription factor responsible for regulating expression of the stress proteins or phase II detoxification enzymes. By forming a complex with its inhibitory counterpart Keap1, Nrf2 functions as an intracellular sensor that recognizes redox signaling by detecting electrophiles or reactive oxygen species and is known to be activated through thiol modification in the cysteine residues of Keap1 (44, 45) . Nrf2 activation mediated by 15d-PGJ 2 has been reported to contribute to an anti-inflammatory process, which was negated in Nrf2-deficient mice (46) . It has been reported that electrophilic 15d-PGJ 2 can oxidize the thiol groups retained in the Keap1 protein, thereby activating the Nrf2 signaling pathway and subsequently inducing GCL genes (47) . These results imply that redox modification of signaling protein by 15d-PGJ 2 plays an important role in regulation of inflammation or induction of antioxidant proteins. 15d-PGJ 2 conjugates with GSH in the presence of GSTs, especially human GST 4A-4 (48) . This can be a mechanism for the inactivation and subsequent elimination of this highly reactive PG. Although efficiently eliminated by GSH under normal physiological conditions, in such circumstances in which GSH is depleted, 15d-PGJ 2 can escape the GSH conjugation, and preferentially interact with the thiol groups of Keap1 and thereby stimulate Nrf2 activation, leading to induction of antioxidant defense enzymes and proteins. This will culminate with extinction of detrimental cellular emergency caused by oxidative/nitrosative stress. 15d-PGJ 2 is an endogenous ligand for PPAR␥. Although SIN-1 induced expression of PPAR␥ and pharmacologic blockade of this receptor aggravated SIN-1-mediated cytotoxicity, we are unaware whether cytoprotective effects exerted by 15d-PGJ 2 via up-regulation of GSH synthesis is PPAR␥-dependent or not because there is no PPAR␥ responsive element in the GCL promoter.
In summary, peroxynitrite-induced COX-2 expression may contribute to the resolution of or adaptation to nitrosative cell death by producing 15d-PGJ 2 . Further work is in progress to elucidate the upstream events in the redox-regulated signaling network responsible for the 15d-PGJ 2 -induced cytoprotection against nitrosative cell death. FIG. 5 . Enhancement of GCL mRNA expression and its promotor activity by 15d-PGJ 2 . A, PC12 cells exposed to 2 M 15d-PGJ 2 were harvested at indicated time intervals, and the total RNA samples were analyzed by RT-PCR for GCLC and GCLM mRNA transcripts as described under "Experimental Procedures." GAPDH was used as an equal loading control. B, GCLC promoter activity was increased by 15d-PGJ 2 . PC12 cells were transiently transfected with a rat GCLC promoter-luciferase construct. Progressive 5Ј deletion mutant of the GCLC promoter extending from Ϫ1758 to ϩ2 bp was generated and fused to the promoterless luciferase pGL3 enhancer. Cells were treated with 2 M 15d-PGJ 2 (f) or vehicle (ᮀ) and analyzed for the luciferase activity 24 h later. Results represent means Ϯ S.D. of three individual experiments. *, significantly different from the vehicle treated control groups (p Ͻ 0.01).
FIG. 6.
Proposed pathways of the 15d-PGJ 2 -mediated cellular adaptive response to peroxynitrite-induced nitrosative stress. SIN-1 induces apoptotic death, which is accompanied by depletion of intracellular GSH, JNK activation, disruption of mitochondrial transmembrane potential, the cleavage of PARP and DNA fragmentation. SIN-1 simultaneously provokes cellular adaptive response through induction of COX-2 and PPAR␥. 15d-PGJ 2 , as a product of COX-2 and a PPAR␥ ligand, may act as a survival mediator by modulating the cellular signaling to up-regulate the GCL, thereby augmenting the intracellular GSH pool.
